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interaction between localized states of O and the conduction band of ZnTe as described by the band anticrossing (BAC) model [1] [2] [3] [4] [5] [6] . The energies of the three possible optical absorption edges between the valence, E − , and E + bands of ZnTeO fit quite well into a large portion of the solar spectrum providing a material envisioned for the multiband, single junction, high efficiency photovoltaic (PV) devices [7] [8] [9] [10] [11] [12] .
Previously, we have reported the fabrication of ZnTeO-based IBSCs with an n-ZnO/i-ZnTe/ZnTeO/i-ZnTe/p-ZnTe structure using n-ZnO as an n-type window layer, and demonstrated a photogenerated current by two-step photon excitation (TPE) through the intermediate band (IB) [11] , [12] . However, the obtained open-circuit voltage (V OC ) was as small as approximately 0.4 V [11] , [12] . Such low V OC was also observed in an n-ZnO/ZnTe/p-ZnTe structure [12] . Hence, this low V OC is not due to the insertion of an IB but is believed to be due to the large conduction band offset (CBO) at the interface between ZnTe and ZnO since the electron affinity of ZnTe is approximately 3.5 eV [13] whereas that of ZnO is 4.3 − 4.6 eV [14] [15] [16] [17] [18] . Therefore, in order to achieve higher V OC for a ZnTeO-based IBSC, it is necessary to develop a new n-type window layer with electron affinity ∼ 3.5 eV.
ZnS has a large direct band gap of 3.7 eV with an electron affinity of 3.9 eV [19] that can realize a smaller CBO with ZnTe. In addition, similar to ZnTe, ZnS has a zincblende structure with a lattice constant of 5.41Å [20] . Therefore, ZnS is considered as a suitable n-type window material. So far, there are several reports on the growth of n-type ZnS on ZnS [21] , GaP [22] , and GaAs [22] [23] [24] [25] substrates using Al [21] , [22] , [25] , In [26] , Cl [23] , or I [24] as donor dopants. However, there is no report on the growth of n-type ZnS on a ZnTe substrate. Here, we have grown n-type ZnS layers on ZnTe (001) substrates by molecular beam epitaxy (MBE) using Al as a dopant, and fabricated heterojunction ZnTe as well as a ZnTeO-IBSC using n-ZnS layer. The performance of these structures as compared with similar structures with an n-ZnO window layer is discussed.
II. EXPERIMENTAL
ZnS layers were grown by MBE for 60 min using Al as a dopant on Ga-doped high resistivity p-type ZnTe(001) substrates with a resistivity higher than 10 3 Ω · cm. The background pressure of the growth chamber is less than 6 × 10 ZnS compound and 6N Al were used as source materials for the growth of Al-doped ZnS layers. ZnTe(001) substrates were ultrasonically cleaned in organic solvents prior to wet-etching using a Br-methanol solution. The substrate temperature was varied between 100°C and 300°C to clarify the growth properties of ZnS layer on ZnTe substrate. In order to optimize the n-type doping condition, the Al cell temperature was varied between 750°C and 950°C to control the Al concentration in the ZnS layer. The thickness of the layer was measured using a surface step profiler. The crystallinity was evaluated by reflection highenergy electron diffraction (RHEED) and high-resolution x-ray diffraction (XRD) using a Philips X'pert XRD system equipped with a beam monochromator consisting of a four-bounce Ge (220) crystal and x-ray mirror in the primary optics, and a secondary optics with a three-bounce Ge analyzer crystal between the sample and the detector. Electrical properties of the ZnS layers on the high resistivity ZnTe substrates were characterized by Hall effect measurements using the van der Pauw configuration with Al as ohmic contacts at room temperature. Since we have confirmed that this structure exhibits a rectifying behavior, the n-ZnS layer was junction isolated from the p-ZnTe substrate. Hence, the Hall measurement only reflects the electrical transport in the n-ZnS layer. The sample size is approximately 6 × 6 mm 2 . Heterojunction solar cells with n-ZnS/i-ZnTe/p-ZnTe structures were fabricated on P-doped p-ZnTe substrates with a hole concentration ∼ 10 18 cm −3 . The 200 nm-thick undoped i-ZnTe layer grown by MBE was inserted to increase the width of the depletion region adjacent to the heavily P-doped p-ZnTe substrate. The thickness of n-ZnS layer was set at 500 nm. The PV properties for the n-ZnS/i-ZnTe/p-ZnTe solar cells were compared with those for n-ZnO/i-ZnO/i-ZnTe/p-ZnTe solar cells with an i-ZnTe thickness of 200 nm reported previously [12] .
A ZnTeO IBSC with n-ZnS/i-ZnTe/ZnTeO/i-ZnTe/p-ZnTe structure was also fabricated by MBE. The 150 nm-thick undoped ZnTeO layer with an O content x = 1.5% was sandwiched between two 50 nm-thick undoped ZnTe barrier layers in order to electrically isolate the IB in the ZnTeO. Three optical transitions in ZnTeO were estimated as from valence band (VB) to CB (∼ 2.5 eV), VB to IB (∼ 1.7 eV), and IB to CB (∼ 0.8 eV) using the BAC model with parameters reported for ZnTeO [12] . PV characteristics of the ZnTeO IBSC using an n-ZnS layer were also compared with those for a ZnTeO IBSC using an n-ZnO layer (n-ZnO/i-ZnO/i-ZnTe/ ZnTeO/i-ZnTe/p-ZnTe) [12] .
In both solar cells, a thermally evaporated Al was used as a grid contact, and an electroless plated Pd was used as a back contact. Antireflection coating layers were not applied to the solar cells. The solar cells were characterized with current densityvoltage (J-V) measurements under dark and AM1.5G 1 sun illumination and external quantum efficiency (EQE) measurements. In the EQE measurements, a light from a 250 W tungsten halogen lamp filtered by a monochromator was chopped and focused onto the samples. The photocurrent signal from the solar cells was recorded by a lock-in amplifier.
The photocurrent induced by TPE process through the IB was evaluated by recording the EQE spectra of the solar cells with and without irradiating an infrared (IR) light as a bias light. A light from a 500 W Xe lamp filtered by a sharp cut off filter was used as the IR light source with the wavelength above 1 μm or the photon energy below 1.24 eV. An additional photocurrent is produced by the excitation of electrons from the IB to the CB with the irradiation of the IR light. The difference of EQE with and without irradiating the IR light, ΔEQE (EQE IR−ON − EQE IR−OFF ), was calculated. Fig. 1 shows the dependence of ZnS growth rate on the substrate temperature. The ZnS growth rate was found to decrease with increasing substrate temperature. This is attributed to a decrease in the Zn sticking coefficient with increasing temperature. Similar results were reported previously on the ZnS growths on the Si(001) [27] and GaAs(001) [25] substrates. Fig. 2 shows the RHEED patterns for ZnS layer grown on ZnTe (001) at various substrate temperatures. A halo pattern observed in Fig. 2(a) indicates the growth of an amorphous ZnS layer at the substrate temperature of 100°C. The crystallinity of the ZnS layer was improved by increasing the substrate temperature above 200°C, as shown by spot or streak-like patterns in Fig. 2(b)-(d) . Thus, a ZnS thin film can be epitaxially grown on a ZnTe substrate at above 200°C despite a large lattice mismatch of ∼ 11% to the ZnTe substrate (a = 6.10Å [28] ). Especially, a streak-like pattern was observed at the substrate temperature of 250°C, indicating a smooth surface of the ZnS thin film. Fig. 3 shows the XRD 2θ/ω profiles of ZnS layers grown at various substrate temperatures. No peak except for a diffraction peak from the ZnTe (004) plane was observed in the ZnS layer grown at 100°C. When the substrate temperature increases above 200°C, a diffraction peak from the ZnS (004) plane appears at around 69.4°with maximum diffraction intensity for the film grown at 250°C. These results agree well with the RHEED patterns shown in Fig. 2 . The reason for the lower intensity at 300°C is likely due to the thinner film thickness since the growth rate decreases with increasing substrate temperature as shown in Fig. 1 .
III. RESULTS AND DISCUSSION

A. Growth and Characterization of n-ZnS Layers on ZnTe Substrates
Al-doping experiments were carried out at the substrate temperature of 250°C where high crystalline quality ZnS films were achieved. Fig. 4 shows the dependence of mobility, electron concentration, and resistivity of ZnS layers on the Al cell temperature. n-type conductivity was confirmed under a wide temperature range of Al cell between 750°C and 930°C. With an increasing Al cell temperature up to 900°C, the electron concentration increases while the electron mobility decreases. The highest electron concentration of 4.2 × 10 19 cm −3 with mobility of 26.9 cm 2 /Vs was achieved at the Al cell temperature of 890°C, yielding a resistivity of 5.5 × 10 −3 Ω · cm. These results are comparable to the previously reported results of n-type Al-doped ZnS layer grown on GaAs (001) substrate (n = 4.5 × 10 19 cm −3 and ρ = 3 × 10 −3 Ω · cm) [25] . When the Al cell temperature exceeds 910°C, the electron concentration decreases rapidly. This may be due to formation of compensating defects or degradation of the crystalline quality of the ZnS layer because of the high concentration of Al incorporated.
In order to clarify the degradation of the crystalline quality due to the Al doping, we compare the XRD spectra of the Aldoped and undoped ZnS layers as shown in Fig. 5(a) . With increasing Al cell temperature, the full width at half-maximum (FWHM) of the diffraction peak from the ZnS (004) plane increases, indicating a deterioration of the crystalline quality. Also, it should be mentioned that the (004) peak shifts toward a lower angle with increasing the Al cell temperature above 890°C. This suggests that the lattice constant changes due to the incorporation of Al.
The effect of the Al-related defects on the lattice constant can be calculated based on a simple model reported in [29] . The lattice strain Δa/a caused by the substitutional Al Zn is given by [29] 
where r Al , r Zn , and r S are the covalent radii of Al, Zn, and S, respectively, and C 11 and C 12 are the elastic constants. Similarly, the lattice strain caused by the interstitial Al complex is given by [29] Δa
where
is the distance between the interstitial Al complex and its nearest-neighbors. For interstitial Al-Al complex, r eff = r Al , for interstitial Al-Zn complex, r eff = (r Al + r Zn )/2. Also, the lattice strain due to the presence of Al Zn is obtained if the calculation is based on Pauling's covalent radii of atoms and Vegard's law [30] 
where N 0 , N Al Zn , and a are the density of Zn atoms in pure ZnS (N 0 = 2.5 × 10 22 cm −3 ), the concentration of Al Zn , and the lattice constant of ZnS, respectively. Using elastic constants C 11 = 102 GPa and C 12 = 64.6 GPa for ZnS [31] , covalent radii r Zn = 1.31Å, r S = 1.04Å, and r Al = 1.26Å for Zn, S, and Al, respectively [30] , and a lattice constant a ZnS = 5.4102Å [31] , the dependence of lattice strains Δa/a on Al concentration is calculated and shown in Fig. 5(b) .
Values of Δa/a of the Al-doped ZnS layers were obtained from XRD spectra in Fig. 5(a) by fitting the diffraction peaks. In the sample grown at the Al cell temperature below 890°C, Δa/a was less than 0.01%, which is within the detection limit because of the broad peak. The Al concentration of these layers is estimated to be less than 1 × 10 20 cm −3 from the calculation in Fig. 5(b) . Since the electron concentration of the sample grown at the Al cell temperature of 890°C was 4.2 × 10 19 cm −3 , almost half of the doped Al atoms are activated as donors. Such high activation ratio of Al donors in ZnS layers is consistent with the previous report [25] on Al-doped ZnS on GaAs(100), where the activation efficiency of Al dopant was observed to range from 25% to 100%.
On the other hand, Δa/a of the Al-doped ZnS layers increased gradually with increasing Al cell temperature above 890°C, implying the increased formation of interstitial Al complexes. This causes the degradation of the crystalline quality as confirmed by the increased FWHM of the diffraction peak. This is consistent with the observed reduction in electron concentration in these samples. Fig. 6(a) shows the current-voltage (J-V) curve of an nZnS/i-ZnTe/p-ZnTe solar cell under AM1.5G illumination at room temperature. The n-ZnS layer was grown at the Al cell temperature of 890°C. An open-circuit voltage (V OC ) of 0.77 V was obtained with a large short-circuit current density (J SC ) of 6.7 mA/cm 2 and a fill factor (FF) of 0.60. The overall power conversion efficiency (η) of this cell is 3.1%. This is the highest efficiency ever reported in a ZnTe solar cell. The J-V characteristics of a previously reported n-ZnO/i-ZnO/i-ZnTe/ p-ZnTe solar cell with V OC = 0.38 V, J SC = 7.2 mA/cm 2 , FF = 0.52, and η = 1.38% [12] is also shown in Fig. 6(b) for comparison. The present structure with an n-ZnS window layer has a similar J SC but with a two-fold increase in V OC . The improvement in V OC is consistent with the expected reduction in the CBO between ZnS/ZnTe (CBO = 0.4 eV) as compared to that of ZnO/ZnTe (CBO = 0.8-1.1 eV). This suggests that the decrease of the CBO is responsible for the increase of V OC .
B. Photovoltaic Properties for ZnTe Solar Cells and ZnTeO IBSCs Using n-ZnS Layer
Based on these results, we have fabricated ZnTeO IBSC with an n-ZnS/i-ZnTe/ZnTeO/i-ZnTe/p-ZnTe structure by MBE. Fig. 7(a) shows the J-V curve for a ZnTeO IBSC with nZnS/i-ZnTe/ZnTeO/i-ZnTe/ p-ZnTe structure under AM1.5G illumination at room temperature. This is compared directly in the figure with the J-V curve for a similar ZnTeO IBSC but using an n-ZnO layer in the structure (n-ZnO/ZnO/ZnTe/ ZnTeO/ZnTe/p-ZnTe). Using an n-ZnS layer, V OC is improved from 0.34 to 0.65 V while almost the same J SC and FF were obtained, resulting in an improvement of the efficiency. Similar to the previous case for ZnTe cells, the lower CBO between ZnTe and ZnS is also responsible for the improved V OC in ZnTeO IBSC. However, comparing the structures with n-ZnS, J SC for the ZnTeO IBSC (1.3 mA/cm 2 ) is much smaller than that of the ZnTe solar cell (6.7 mA/cm 2 ) shown in Fig. 6 . In order to investigate the reason for the small J SC of the ZnTeO IBSC, the EQE for the solar cells was recorded at room temperature. Fig. 8(a) shows the EQE curves for the ZnTeO IBSC and the ZnTe solar cell (referred as ZnTe cell, hereafter) with n-ZnS layers at room temperature. In the ZnTe cell, a high EQE approximately 80% is obtained between the absorption edge of ZnTe (2.26 eV) and that of ZnS (3.7 eV). The observed strong interference fringe pattern due to the difference of a diffraction indexes between ZnS and ZnTe was attributed to a quite flat surface of the epilayer, and can be reduced by antireflection coatings. On the other hand, the EQE for the ZnTeO IBSC is relatively small especially at the longer wavelength, indicating that most of the photo-excited carriers generated deeper in the structure are lost by recombination probably through the IB. This is not surprising since in the present study, the ZnTeO absorber is undoped and hence the IB is empty and not filled with electrons. Therefore, the absorption of low energy photons is not efficient and the recombination via IB is inevitable. The absorption can be improved and the recombination rate may be reduced by n-type doping of ZnTeO so that the IB is partially populated. n-type doping study in ZnTeO is now in progress. In Fig. 8(b) , the EQE curves are plotted in logarithmic scale. It can be seen that the EQE at 1.6 − 2.2 eV for the ZnTeO IBSC is larger than that for the ZnTe cell. Because this energy region corresponds to the electron transition energy from VB to IB as shown in the inset of Fig. 8(a) , the high EQE is attributed to the presence of the IB. We have already reported a similar high EQE in this energy region in ZnTeO IBSCs using n-ZnO with a blocking ZnTe layer whose thickness is less than 200 nm [11] , [12] , and the possible origins for the current were due to tunneling processes including a temperature independent direct tunneling through the barrier and the tunneling facilitated by deep levels in the barrier in addition to a current induced by a TPE of electrons through the IB.
In order to identify the possible mechanism for the high EQE in the ZnTeO IBSC using n-ZnS, EQE measurements were carried out at different temperatures from 50 to 150 K, as shown in Fig. 9 . The EQE at 1.6 − 2.2 eV shows a temperature-dependent character with an activation energy of 22 meV estimated from the variation of EQE at 1.85 eV. Because the activation energy is much less than the energy difference between the CB of ZnTe and the IB of ZnTeO (∼ 0.5 eV), the thermal escape of electrons from the IB to the CB at the ZnTe/ZnTeO interface is unlikely. The photocurrent induced by a TPE process is also supposed not to be the main origin of the current because it will not have such strong temperature-dependent character. Another possible process is the tunneling facilitated by deep levels in the barrier, which can have thermally activated character dependent on the energy of the deep levels, which is also observed in the ZnTeO IBSC using n-ZnO [12] .
Finally, in order to prove the photocurrent induced by TPE via IB, the EQE was recorded with and without an IR illumination (hν < 1.24 eV) which can excite electrons from IB to CB. The difference between them, ΔEQE(= EQE IR−ON − EQE IR−OFF ), was plotted in the inset of Fig. 9 . At the low temperature of 50 K, an increase of ΔEQE was observed at 1.7 − 2.1 eV, indicating the existence of the photocurrent induced by TPE, although it becomes small at 75 K. Since the TPE process is competitive to the other electron escape processes from the IB such as the tunneling mentioned above, it might be possible that the ΔEQE becomes small and eventually is not detected at higher temperature. Further experiments are required to clarify the detailed mechanism, but it will be important to prevent electrons escaping out from the IB in ZnTeO for achieving high photocurrent induced by TPE.
IV. CONCLUSION
We have grown n-type ZnS thin films by MBE, and demonstrated heterojunction ZnS/ZnTe solar cells with an improved V OC . The highest electron concentration of 4.2 × 10 19 cm
was obtained at the Al cell temperature of 890°C although rapid decrease in the electron concentration was observed when the Al cell temperature exceeds 910°C, probably due to selfcompensation effects. The improved V OC of 0.77 V was obtained together with a large J SC of 6.7 mA/cm 2 , and the FF of 0.60 in n-ZnS/i-ZnTe/p-ZnTe solar cell, yielding the highest power conversion efficiency of 3.1% ever reported in a ZnTebased solar cell. The n-ZnS layer was also applied to ZnTeO IBSC and a similar improvement of V OC was also observed. These results clearly indicate the importance of the reduction of CBO at the heterointerface between ZnTe and n-window layer and n-ZnS is useful material for ZnTeO-based IBSCs. Dr. Tanaka is a member of the Japan Society of Applied Physics, the Institute of Electrical Engineers of Japan (IEEJ), and the Japanese Society for Synchrotron Radiation Research. In 1992, he received the Best Paper Award for Young Researchers from IEEJ.
